Nowadays, cereal crops often encounter high temperature above the optimum during the grain filling stage. For japonica rice plants, temperatures above 26 C impair grain filling, leading to loss of grain yield and quality. High temperatures inhibit the accumulation of starch in the endosperm, resulting in chalky grains.
Nowadays, cereal crops often encounter high temperature above the optimum during the grain filling stage. For japonica rice plants, temperatures above 26 C impair grain filling, leading to loss of grain yield and quality. High temperatures inhibit the accumulation of starch in the endosperm, resulting in chalky grains.
1) The chalky grains contain loosely packed starch granules with air spaces between them 2) and result in a low yield after polishing because of cracking, thus achieving low sales prices. Furthermore, the grains ripened under high temperature have a less sticky texture 3) which is not preferred by the Japanese market. In the case of rice for sake brewing, steamed rice which has been ripened under high temperature shows a decrease in digestibility because of accelerated retrogradation of endosperm starch, rendering low sake productivity.
4)
Since grain chalkiness is morphologically associated with deposition of immature starch granules (starch quantity defect) and the hard texture of cooked/steamed rice that has been ripened under high temperature could be attributed to altered physicochemical properties of starch, the major constituent of rice grain which accounts for 60 70% of grain weight (starch quality defect), the effect of high temperature on biosynthesis of starch has been extensively investigated. The activity of several starch biosynthetic enzymes such as a granule-bound starch synthase and starch branching enzymes was shown to decrease under high temperature, 5, 6) which is accompanied by a change in starch compositions such as decrease of amylose content 3, 5, 7) and increase of long chains of amylopectin. 3, 8, 9) Recently, comprehensive approaches by omics-based methodologies, such as transcriptomics, proteomics and metabolomics advanced our knowledge of the metabolic regulation of starch biosynthesis under high temperature. The integrated view of grain filling-related metabolism under elevated temperature obtained by these analyses and possible key genes responsible for grain quality are summarized in this paper.
Transcriptome and proteome of developing endosperm in response to high temperature.
Since panicle during the milky stage of grain filling is the part most sensitive to high temperature, 10,11) the impact of high temperature on gene expression in the developing caryopsis was investigated using a DNA microarray which covers the whole rice genome. The expression level of a number of genes related to starch metabolism, seed storage protein synthesis and heat/stress responses changed in response to high temperature.
3) Under high temperature, expression of starch biosynthesis-related genes such as those encoding granule-bound starch synthase I (GBSSI) and starch branching enzyme IIb (BEIIb) as well as subunits of ADP-glucose pyrophosphorylase (AGPS2b, AGPS1 and AGPL2) which produce ADP-glucose, the substrate for starch synthesis, and an ADP-glucose translocator (BT1-2) which is required for the import of ADP-glucose into amyloplasts were repressed, whereas genes for starch degrading α-amylase such as J. Appl. Glycosci., 58, 35 38 (2011) Abstract: High temperature impairs grain filling of rice by inhibiting accumulation of starch in the endosperm, making the grain appear chalky. It affects the molecular structure of a starch component, amylopectin (e.g., elongation of its chains), then hardening the texture of cooked rice. Recent comprehensive analyses such as transcriptome, proteome and metabolome which are assisted by the rice genome information revealed the key metabolic factors involved in this deterioration of rice grain by elevated temperatures. Shortage of starch (defect in starch quantity) could be caused by a combination of decreased expression of starch biosynthesis-related genes such as GBSSI and BEIIb and increased degradation of starch by induced expression of α-amylase genes. Determination of carbohydrate metabolites further suggested that sugar metabolism and ATP production are also impaired under high temperature, leading to the decrease of starch deposition. For the hardening of the texture (defect in starch quality), decreased branching of amylopectin by reduced expression of starch branching enzyme genes, especially short chain-producing BEIIb, would contribute to enrichment of its long chains. In this review, effects of high temperature on grain filling-related metabolism are summarized at the gene level.
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Amy1A, Amy3D and Amy3E were induced (Fig. 1) . Such down-regulation of starch biosynthesis genes and up-regulation of starch-consuming genes would coordinately inhibit deposition of starch in the endosperm of high temperatureripened grains. Since, among starch biosynthesis enzymes, GBSSI exclusively synthesizes amylose and BEIIb produces short chains of amylopectin 12) and their null mutation is known to produce amylose-free (waxy) starch and long chain-enriched amylopectin, 13) respectively, the decreased expression of GBSSI and BEIIb could lead to the change in starch compositions decrease of amylose content and relative enrichment of long chains of amylopectin under high temperature, respectively thus contributing to alteration of rice texture. Furthermore, since the in vitro-determined activity of cereal branching enzymes, especially BEIIb, is extremely sensitive to high temperature and it decreases to the half level of their maximum activity at > 30 C, 14,15) the actual activity in the developing caryopsis would be decreased un- The scheme of starch metabolism under normal (25 C/20 C) and high temperatures (33 C/28 C) is shown in the upper and lower panels, respectively. In the 33 C/28 C panel, the ratio of expression levels determined for a developing caryopsis exposed to high temperature (33 C/28 C for day/night temperature) to those for ambient temperature (25 C/20 C) 3) is shown for the respective genes encoding enzymes/translocators on the starch-metabolizing pathway. The genes induced 1.5-fold and the corresponding reaction step are indicated in bold and with a thick arrow, while the genes repressed to < 0.70-fold and the corresponding steps are indicated in bold and thin arrows. Significantly increased and decreased metabolites in the caryopsis 20) are indicated by large letters and small letters with underlines, respectively. MOS, maltooligosaccharide.
der high temperature conditions. Down-regulation of the transcript of GBSSI and BE genes as well as the activity of their product enzymes was also reported for indica rice, 6) suggesting conservation of these responses to high temperature within rice subspecies.
The effect of high temperature on protein profile during ripening was elucidated by proteome with two-dimensional polyacrylamide gel electrophoresis. High temperature decreased GBSSI protein, allergen-like proteins and an elongation factor, while it increased heat shock proteins, molecular chaperones that stabilize proteins in their functional conformations without aggregation of heat-denatured forms.
16)
Among seed storage proteins, high temperature rendered a decreased level of 13-kD prolamin accumulated in the mature grain. 3, 17) Since ectopic overexpression of a heat shock protein, Arabidopsis HSP101, conferred heat tolerance in rice plant, 18) it is of particular interest whether overexpression of heat shock proteins in the developing caryopsis can reduce high temperature-induced grain chalkiness.
Metabolome of developing endosperm in response to high temperature.
Since most primary metabolites are ionic compounds, capillary electrophoresis-mass spectrometry (CE-MS) is a powerful method for simultaneous quantification of such metabolites. By using this system, a broad range of primary compounds such as sugar phosphates, organic acids, amino acids and nucleotides were determined sensitively and reproducibly in rice leaf.
19) A CE-MS analysis of metabolites in the developing caryopsis and mature seeds revealed that high temperature increased the accumulation of sucrose and amino acids, and decreased levels of sugar phosphates and organic acids involved in glycolysis and the TCA cycle, respectively. 20) Recently, functional annotations of genes encoding a given enzyme on metabolic pathways are available at public databases (KEGG, http://www.genome.jp/kegg/ pathway.html and RiceCyc, http://www.gramene.org/pathway/ ricecyc.html). By combining the level of the metabolites and expression of the genes for carbohydrate metabolism-related enzymes determined by a microarray analysis, it was demonstrated that several steps for biosynthesis of starch were impaired by high temperature. Shortage of starch might be caused by down-regulated import/metabolism of sucrose conveyed from source organs (repressed expression of genes for sucrose transporters, sucrose synthases and an invertase at high temperature) as well as reduced starch synthesis (down-regulation of GBSSI and BEIIb) and induced starch degradation (up-regulation of α-amylase genes). Consistently, a flux analysis by pulsed-labeling with 13 CO2 of rice plants after flowering revealed impaired allocation of assimilated carbohydrates into the developing caryopsis and decreased synthesis of starch, accompanied by increased accumulation of sucrose under high temperature. 21) Furthermore, reduced expression of genes for components of cytochrome respiration chain (cytochrome c oxidase and cytochrome c reductase) and H + -transporting ATPase might lead to inefficient ATP production, decreasing efficiency of ATP-requiring starch synthesis. Consistently, a decreased level of ATP was detected in the developing caryopsis under high temperature.
22)
Candidate genes controlling grain chalkiness implied by gain appearance of mutants and QTL analysis.
Grains of null mutants for BEIIb and a pyruvate orthophosphate dikinase (PPDKB) have a chalky appearance with a floury endosperm, 13, 23) while GBSSI mutant produces waxy milky-white grains. Since expression of these genes is repressed by high temperature, 3) the down-regulation of those genes might contribute to the chalkiness of grains ripened under elevated temperature. Conversely, transgenic plants overexpressing α-amylases, Amy1A and Amy3D, produce chalky grains even when ripened under ambient temperatures.
24) Since these genes were up-regulated under high temperature, 3) they might be the genes causing gain chalkiness. On the rice chromosome map, several quantitative trait loci (QTLs) for the extent of occurrence of chalky grains were detected in the vicinity of BEIIb, PPDKB, GBSSI and Amy3D, 25) supporting that these might be candidate genes for grain chalkiness.
Concluding remarks.
The multi-omics analysis advanced our knowledge concerning grain filling metabolism under high temperature conditions and offered several key genes involved in grain chalkiness and/or hardening of texture of rice ripened under elevated temperature. To develop crops whose quality is not impaired by high temperatures, further characterization of the candidate genes using corresponding mutants and transgenic plants is required. in rice. Aust. J. Agric. Res., 42, 485 496 (1991 
